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The impact of water drops on spherical soft surfaces is investigated experimentally through high-speed imag-
ing. The effect of a convex compliant surface on the dynamics of impacting drops is relevant to various
applications, such as 3D ink-jet printing, where drops of fresh material impact on partially cured soft sub-
strates with arbitrary shape. Several quantities which characterize the morphology of impacting drops are
measured through image processing, including maximum & minimum spreading angle, length of the wetted
curve, and dynamic contact angle. In particular, the dynamic contact angle is measured using a novel digital
image processing scheme based on a goniometric mask, which does not require edge fitting. It is shown that
the surface with a higher curvature enhances the retraction of the spreading drop; this effect may be due to the
difference of energy dissipation induced by the curvature of the surface. In addition, the impact parameters
(elastic modulus, diameter ratio & Weber number) are observed to significantly affect the dynamic contact
angle during impact. A quantitative estimation of the deformation energy shows it is significantly smaller
than viscous dissipation.
PACS numbers: Valid PACS appear here
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I. INTRODUCTION
Since the pioneering work of Worthington1, the col-
lision of drops with solid surfaces has attracted the
interests of many researchers for decades2–6. Various
post-impingement behaviours of droplets have been char-
acterized systematically, including spreading, receding,
splashing & bouncing etc. Most of the existing research
concerns the simple scenario in which drops impact on
rigid flat surfaces. However the role of the compliance of
soft substrates is important to understand since it is in-
volved in various application such as the delivery of pes-
ticides on leaves7 and the spray cooling of flexible sur-
faces. Also it is suggested that the use of a compliant
coating on some materials could reduce the damage of
erosion processes caused by drop impacts8. The major-
ity of the early research works on the role of the sub-
strate compliance in drop impact considers a solid elastic
surface. It has been shown that the surface tension com-
ponent of the drop liquid perpendicular to the surface of
elastic substrate can significantly influence the wetting
behaviours at the three-phase contact line (TPCL)9–13.
This is to due to the formation of a ’wetting ridge’, with
length scales ranging from tens of nanometers to several
micrometers. A more recent study reports that the for-
mation of ’wetting ridge’ associated with the viscoelas-
tic nature of the substrate is able to slow the motion
of the TPCL, which is referred as the ’visoelastic brak-
ing’ effect14. A systematic experimental investigation
of the drop impact on soft PDMS substrates was car-
ried out by Mangili et al.15, who found the recoil phase
on soft substrates is slower when compared to drop im-
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pacts on hard substrates and significant deformation (on
the order of tens of micrometer) of soft substrates was
observed during impact. The fact that the retraction
of impacting drops decreases with decreasing substrate
elasticity is confirmed by the work of Alizadeh et al.16,
however in this study it is also shown that the substrate
elasticity has very little effect on the dynamics of im-
pacting drops on textured surfaces with periodic arrays
of microstructures (superhydrophobic surfaces). In an-
other experimental study of drop impact on soft PDMS
surfaces17, the evolution of the entrapped air under an
impact droplet is investigated. A thin air film during the
impact is observed due to the shear-thinning property of
the surface, which reduces the surface energy and leads
to the rebound of the droplet. The substrate stiffness is
shown to affect the splashing threshold18,19. Compared
to rigid substrate, splashing is reduced or even eliminated
due to the absorption of the kinetic energy of the im-
pacting drop by the deformation of the substrate. The
substrate flexibility is also found to enhance the superhy-
drophobicity of the surface20,21, resulting in less contact
time for the rebound of the impacting drop. Besides the
investigations on solid elastic surfaces, Gart et al. con-
sider a cantilever system22, where it is found that the
hydrophobicity of the surface can reduce the torque expe-
rienced by the bending beam. While most of the existing
literature has a focus on PDMS or other hydrophobic
substrates, some is limited to an elastic or viscoelastic
surface, there are some interesting experiments on wet-
ting on soft hydrophilic substrates23. Recently, the study
of drop impact on soft surfaces has been extended to a
viscoplastic system24, where the impact morphology of
different drop/substrate combinations of yield stress val-
ues is studied experimentally. The permanent nestling of
the drop fluid in the substrate under the impact point is
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observed and the final profile is strongly affected by the
yield stress magnitudes of the drop and of the substrate.
The geometrical shapes of target surfaces may not al-
ways be planar in many industrial applications. For ex-
ample, drop impact on curved surfaces of cylinders in
horizontal-tube falling film evaporators, in the manufac-
turing of digital displays consisting of numerous polymer
light-emitting diodes, or drops of polymer liquid impact
on rectangular microcavities25. Thus, a better under-
standing of the effect of arbitrary shape of the surface on
the dynamics of impacting drops is necessary. Hardalu-
pas et al. conduct experiments on sub-millimetre droplet
impingement onto spherical surfaces with diameters of
the order of 1 mm, and it was found that the onset of
reatomisation is promoted with the increase of surface
curvature26. Motivated by the aim to measure the spa-
tial and temporal variation of film thickness during drop
impact, which is extremely difficult for drop impact on
a flat surface, Bakshi et al.27 investigate the impact of a
droplet onto a spherical target experimentally and theo-
retically. Reynolds number and target-to-drop size ratio
are observed to affect the dynamics of the film flow on
the surface of the target. Additionally, an experimen-
tal study on the drop impact of heptane and butanol
on wetted spheres shows that the spreading factor de-
fined as the ratio between the spreading area and the
drop surface area increases as the curvature ratio grows
or liquid viscosity reduces28.More recently the dynamics
of drop impact on spherical surfaces has been simulated
numerically using different methods including Lattice-
Boltzmann method and Volume of Fluid method29–31, re-
sults show good agreement with the existing experimen-
tal data in literatures. Besides a spherical shape of the
impact surface, the drop impact on substrates of other
arbitrary shapes has also been investigated experimen-
tally and numerically, such as cylindrical surfaces32–34 or
rectangular microcavities25,35.
The objective of this research is to investigate the com-
bined effect of substrate compliance (i.e. elasticity) and
curvature (i.e. diameter ratio between hemispherical
substrate and equilibrium drop) on the morphology of
the impacting drops at different Weber numbers. The
effect of a convex compliant surface on the dynamics of
impacting drops is important to understand since it is in-
volved in various applications. For instance, in 3D ink-jet
printing, drops of fresh material impact on a half-cured
soft substrate with arbitrary shape. In particular, the
spreading and retracting behaviours are characterized in
this study. A novel image-processing technique based on
a goniometric mask is adopted to measure the dynamic
contact angle during the impact process36–38. In conven-
tional goniometry methods, contact angles are generally
measured by fitting one or more analytical functions to
the drop shape (e.g. the Axisymmetric Drop Analysis
method)39–41. Compared to these methods, the novel
technique does not require either the drop symmetry or
the drop shape of a spherical cap, which is desirable when
measuring the dynamic contact angle of drop impact on
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FIG. 1: The measured elastic modulus of PDMS as a
function of mixing ratio reported by different research
groups.
FIG. 2: Manufactured samples of hemispherical PDMS
substrates of different diameters and mixing ratios.
convex surfaces.
II. EXPERIMENTAL SETUP AND METHOD
A. Convex hemispherical elastic substrates
The convex hemisphere elastic substrates were manu-
factured using polydimethylsiloxane (PDMS). The com-
mercial product Sylgard 184 (SigmaAldrich) was selected
since it has been widely used in previous works. The
elastic modulus of PDMS can be adjusted by changing
the mixing ratio of the base polymer and the crosslinker.
Figure 1 shows the measured experimental data of the
elastic moduli of PDMS as a function of the mixing ratio
reported by five research groups42–46. The methods for
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TABLE I: Elastic modulus of PDMS of different mixing
ratios.
Mixing ratio 10:1 30:1 40:1
Elastic modulus (MPa) 2.05 0.23 0.08
measurement include compression, stretch and buckling.
The baking temperatures range from room temperature
to 100 ○C. It is observed that the experimental data
obtained by different researchers show very good consis-
tency and the elastic modulus decreases exponentially as
the mixing ratio grows. Thus all the data are fitted into
an exponential model, which yields a coefficient of deter-
mination R2 = 0.988:
E = 6.17 ⋅ e−0.11x, (1)
where x represents the mixing ratio of the base and the
curing agent. In order to study the effect of the elastic
modulus on the impact morphology of the drop, three
different mixing ratios are selected to manufacture the
substrates: 10:1, 30:1 & 40:1. The corresponding elastic
moduli of the PDMS of different mixing ratios are calcu-
lated using Equation 1 and the values are shown in Table
I.
PDMS hemispheres of different diameter were pro-
duced by curing the Sylgard 184 compound in a suitable
mould. After the mould was filled with the mixture of
base and curing agent, it was baked in an oven at 65○C for 24 hours to make sure the sample was completely
cured45. Some manufactured samples of hemispherical
PDMS substrates of different diameters and mixing ra-
tios are displayed in Figure 2.
It has been experimentally shown that the contact an-
gle hysteresis (∆θ = θad−θre, where θad represents the ad-
vancing contact angle and θre the receding contact angle)
changes with the elastic modulus of the soft substrates9.
The static contact angle and contact angle hysteresis of
water drop on flat PDMS substrates with the same elas-
tic moduli as the hemispherical substrates used in the
present experiments were measured, and their values are
reported in Table II. Advancing and receding contact an-
gles were measured using the volume change method; the
advancing contact angle was measured by recording the
gradually growing droplet (increasing volume) through
the injection of liquid from a needle, whereas the receding
contact angle was measured by decreasing the volume.
As shown in Table II, the contact angle hysteresis in-
creases significantly as the elastic modulus decreases. Es-
pecially in the case of the softest surface (E=0.08 MPa),
the decrease in the drop volume does not lead to retrac-
tion of the contact line and the liquid periphery remains
pinned until the volume reduces to zero; thus, in this
case the receding contact angle is almost zero. The ex-
perimental data in Table II is consistent with the data
reported in a previous experimental investigation15.
TABLE II: Static, advancing & receding contact angle
(θ0, θad & θre) and contact angle hysteresis (∆θ) of flat
substrates with the same elastic moduli in experiments
E [MPa] θ0 [○] θad [○] θre [○] ∆θ [○]
2.05 104 ± 3 118 ± 2 81 ± 3 38 ± 5
0.23 115 ± 6 123 ± 5 49 ± 4 73 ± 5
0.08 114 ± 2 128 ± 3 0 128 ± 3
TABLE III: Values of the impact parameters.
Elastic modulus Diameter ratio Weber number
E [MPa] D∗ [-] We [-]
14
2.05 2.91 47
0.23 7.12 81
0.08 12.0 114
147
B. Experimental setup
The experimental setup is conceptually similar to those
used in previous drop impact studies47,48. Drops of de-
ionized water (Barnstead Easypure, ρ = 1 × 103 kg/m3
& σ = 72.75 mN/m) are released from a blunt hypoder-
mic needle (gauge 21, i.d. 0.495 mm) and impact on the
centre (”north pole”) of the hemispherical PDMS sub-
strate. Drop weight measurements made with a precision
balance (Denver Instrument TP-124A) allow calculation
of the drop diameter at equilibrium: D0 = 3√(6m/piρ),
where m denotes the average drop mass. Value of equi-
librium drop diameter is obtained from averages over 50
samples, which yields D0 = 3.09 ± 0.09 mm. Adjusting
the position of the dispensing needle with a digital height
gauge allows one to change the impact velocity hence the
impact Weber number, We = ρD0u2i /σ, which expresses
the competition between kinetic energy and surface en-
ergy. The impact velocities ui are measured through dig-
ital image processing.
In this study, each set of experimental parameters con-
tains three variables: (a), the elastic modulus of the sub-
strate; (b), the diameter ratio, which is defined as the
ratio of the hemispherical substrate diameter (Dsub) to
the drop equilibrium diameter D∗ = Dsub/D0; (c), the
impact Weber number. Values of the impact parameters
are presented in Table III. For each set of experimen-
tal parameters (i.e., elastic modulus, diameter ratio and
Weber number), the impact experiment is repeated five
times for the sake of statistical analysis.
The impacts of single drops are recorded using a high-
speed CMOS camera (Mikrotron MC1310) with a reso-
lution of 640 × 365 pixels at the rate of 2000 frames per
second. Magnification was kept constant throughout all
experiments and lengths on the image could be calculated
by comparison with the reference length of the substrate
diameter (spatial resolution: 21 µm/pixel). The camera
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is horizontally aligned with the impact surface in order to
measure the bouncing height of the drop with precision.
Back-to-front illumination is provided by an LED lamp
(Philips Accent LED), which ensures a uniform intensity
in the field of view.
C. Image processing
The recorded images by high-speed camera were pro-
cessed through a self-developed Matlab program, which
allows one to observe the contour of the deforming drop
and obtain quantitative measurements. Figure 3 shows
an example of how the recorded grayscale image (I) is
converted to the processed RGB image (I∗). Image I
represents a snapshot which is taken 6 ms after impact
at Weber number 47, elastic modulus 2.05 MPa & diam-
eter ratio 2.91. The whole process consists of two steps.
In the first step, both the image during impact (I, drop
& substrate) and the image before impact (S, substrate)
are converted into binary images through image thresh-
olding. Then the contour of the deforming drop (Db) is
obtained by subtracting the hemispherical substrate (Sb)
from the binary image containing both the drop and the
substrate (Ib). In the second step, the binary images of
the substrate and the drop (Sb & Db) are coloured into
RGB images (Sc & Dc). In order to differentiate between
the substrate and the drop, they are coloured red and
blue respectively. Finally the RGB image of the drop is
superimposed on the RGB image of the substrate, which
produces the processed RGB image (I∗).
A schematic of the contact angle measurement pro-
cedure is shown in Figure 4. Firstly the centre of the
hemispherical substrate must be found before any fur-
ther measurements can be done. This is achieved by
solving the coordinates of the centre using the coordi-
nates of three randomly selected points (e.g. P1, P2 &
P3) on the arc of the substrate since three noncollinear
points determine a circle. Secondly the left & right con-
tact points, CL & CR, are identified and the value of the
angle ∠CLOCR (referred as the ’base angle’, α = θL+θR)
is measured.
The dynamic contact angle measurement is achieved
by goniometric-mask method36,38. However this method
is only able to measure the angle with respect to the hor-
izontal line (e.g. θRx & θLx in Figure 4) from the digital
image. By means of some simple geometrical analysis,
the actual dynamic contact angles can be calculated as
follows:
θRC = θRx − θR (θLC = θLx − θL), (2)
where θRC (or θLC) represents the dynaminc contact an-
gle on the right (or left) side of the view, and θRx (or θLx)
denotes the measured angle of the tangential line of the
drop contour at the contact point with respect to x -axis,
and θR (or θL) is the angle between line OCR (or OCL)
and y-axis.
D. Quantitative measurements
The contact angle measurement via the goniometric
mask method depends on the mask size36,38. The mask
size, z, strongly affects the angle measurement because a
discrete mask can resolve a maximum number of discrete
angle values equal to the number of pixels in the triangle,(z+1)2/4. Thus, the minimum value (in radians) that can
be measured, corresponding to one pixel, is 4/(z+1)2; for
example, to measure an angle of 1°, the mask size should
be z = √180 − 1 = 25. Thus, a mask size of 25x25 pixels
is the minimum size to achieve a resolution of 1. The
algorithm performance is a trade-off between the mask
size and the mask size/image size ratio; on one hand,
increasing the mask size pays back in terms of accuracy
but, on the other hand, if the image size to mask size
ratio is too small angles are not measurable. In other
words, the optimal mask size is a trade-off between the
need to capture the drop contour curvature near the con-
tact point, which requires a smaller mask, and the need
to obtain more accurate measurement, which requires a
larger mask. For this reason, the measurements of the
dynamic contact angles are taken in a range of mask size
from 1 to 81 pixels with the following impact parameters:
We = 14, E = 2.05 MPa & D∗ = 2.91. In particular, two
snapshots after impact are selected as shown in Figure
5: (a), t = 5.5 ms (in spreading phase); (b), t = 15.5
ms (in retracting phase). In case (a) the measured con-
tact angles on both left and right sides (θOL & θOR) are
obtuse, while in case (b) two acute angles are measured
(θAL & θAR). The measured results of four contact angles
as a function of mask size z are shown in Figure 6. The
mask size was set to 25 pixels for all the contact angle
measurements in this study. In order to further validate
the measurement method, the temporal variation of left
dynamic contact angle in the same case is measured at
z=25 pixels as shown in Figure 7. The results are com-
pared with the results of a smaller mask size z=19 pixels
and a bigger mask size z=31 pixels. The high consistency
among the results implies that the measurement method
is valid and the choice of mask size is reasonable.
Another obvious quantity of interest is the substrate
deformation caused by drop impact. In the case of a flat
substrate, the substrate deformation can be calculated by
inserting a cantilever into the PDMS substrate just under
the impact point, and measuring the displacement of the
free end of the cantilever15. Unfortunately, in the case of
spherical substrate this method cannot be used, because
due to the substrate curvature the impact surface is not
parallel to the cantilever, and the cantilever would be
moved by the expanding drop, which causes a displace-
ment of the free end at least one order of magnitude larger
than the displacement caused by the PDMS deformation
only. According to the experimental results by Mangili
et al.15, in case of a flat PDMS substrate with an elastic
modulus of 0.017 MPa an impacting drop with vertical
velocity of about 2m/s (We ≈ 152) will cause a maximum
substrate deformation of ≈ 40 µm. In the present work,
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FIG. 3: Schematic of the image processing.
FIG. 4: Schematic of the contact angle measurement
procedure.
FIG. 5: Contact angles at different stages: (a)
spreading, (b) retracting.
the maximum Weber number is 147 and the lowest elastic
modulus is 0.08 MPa (i.e., almost five times larger than
0.017 MPa), hence one can estimate a maximum defor-
mation of the order of 8-9µm, which is below the spatial
resolution of these measurements (21µm/pixel).
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FIG. 6: Measured contact angles as a function of mask
size.
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FIG. 7: Measured dynamic contact angles (left) as a
function of time after impact.
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FIG. 8: Morphology of drop impact on elastic convex surfaces showing the effect of elastic modulus. For each
group (A, B, C & D) of image sequences the elastic modulus decreases from (1) to (3): (1) E = 2.05 MPa, (2)
E = 0.23 MPa & (3) E = 0.08 MPa. In order to show the effect of E under various conditions, different combinations
of the other two impact parameters (D∗ & We) are chosen for each group: A, D∗ = 2.91, We = 47; B, D∗ = 12.0,
We = 47; C, D∗ = 7.12, We = 14; D, D∗ = 7.12, We = 81. The first row in each case represents the recorded images
and the second row shows the processed images.
III. EXPERIMENTAL RESULTS
A. Morphology
1. Effect of elastic modulus on morphology
The morphology of drop impact on elastic convex sur-
faces showing the effect of elastic modulus is displayed in
Figure 8. In particular, four groups of image sequence are
selected: Group A & Group B compare the results at the
same Weber number but different diameter ratios while
Group C & Group D compare the results at the same di-
ameter ratio but different Weber numbers. The impact
morphologies of the two cases of high elastic moduli in
Group A (A(1) & A(2)) are almost the same: the drop
firstly spreads on the convex surface until the spreading
angle reaches its maximum and then the thin liquid cap
starts to recoil as the contact angle decreases. A cen-
tral column of liquid may be observed at the end of the
retraction stage (as shown by the last but one image).
After the initial retraction the drop sits on the top of the
hemisphere and oscillate periodically between horizontal
direction and vertical direction. This stage is dominated
by capillary forces. But for the case of low elastic mod-
ulus (A(3)), the liquid cap fails to retract and the rim
of the liquid is almost pinned at the maximum spread-
ing location. The height of central liquid column is also
smaller than other two cases due to this pinning effect.
However in the case of a higher impact Weber number
(We = 81) and a greater diameter ratio (D∗ = 7.12) as
shown in Group C, besides the substrate with the low-
est elastic modulus, the substrate with the intermediate
elastic modulus (D(2)) also exhibits the ’pinned effect’.
This effect becomes less pronounced at a relatively low
impact Weber number and high diameter ratio (e.g. see
Group B & C). Generally the spreading phase is not af-
fected greatly by the elastic modulus. No splashing or
breakup was observed in the range of Weber numbers
considered, in agreement with other studied that demon-
strated a strong increase of the splashing threshold due
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FIG. 9: Morphology of drop impact on elastic convex surfaces showing the effect of diameter ratio. For each
group (A, B, C & D) of image sequences the diameter ratio increases from (1) to (3): (1) D∗ = 2.91, (2) D∗ = 7.12
& (3) D∗ = 12.0. In order to show the effect of D∗ under various conditions, different combinations of the other two
impact parameters (E & We) are chosen for each group: A, E = 2.05 MPa, We = 47; B, E = 0.08 MPa, We = 47; C,
E = 0.23 MPa, We = 14; D, E = 0.23 MPa, We = 81. The first row in each case represents the recorded images and
the second row shows the processed images.
to the absorption of the kinetic energy of the impacting
drop by the deformation of the substrate18,19.
2. Effect of diameter ratio on morphology
Figure 9 shows the effect of diameter ratio on the mor-
phology of drop impact on elastic convex surfaces. Specif-
ically four groups of image sequence are selected: Group
A & Group B compare the results at the same Weber
number but different elastic moduli while Group C &
Group D compare the results at the same elastic modulus
but different Weber numbers. In Group A, surprisingly
the case with the smallest diameter ratio (A(1)) exhibits
the largest degree of retraction even though the gravity
component applied on the liquid rim along the tangential
direction is higher during both spreading and retracting
phases than the other two cases. And the height of the
liquid column formed after recoiling is greater compared
to large diameter ratio cases. This effect has also been
observed in Group D. Here it is proposed that this ’de-
wetting effect’ is due to the combinational influence of
gravity and large curvature of the impact surface, which
leads to a large dynamic contact angle at the beginning
of retraction. For cases with very low elastic modulus,
where the ’pinned effect’ dominates, and very low impact
Weber number (e.g. Group B & C) the ’de-wetting effect’
becomes less significant.
3. Effect of Weber number on morphology
The effect of the impact Weber number on the impact
morphology is displayed in Figure 10. Four groups of
image sequences are selected: Group A & Group B com-
pare the results at the same diameter ratio but different
elastic moduli, while Group C & Group D compare the
results at the same elastic modulus but different diame-
ter ratios. As the impact Weber number increases, due
to the curvature of the surface, the central part of the liq-
uid lamella is no longer covered by the rim and becomes
visible (e.g. Group A, B & D). Moreover flow instabil-
ities are observed at high impact Weber number during
the spreading stage as indicated by the wavy shape near
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FIG. 10: Morphology of drop impact on elastic convex surfaces showing the effect of impact Weber number. For
each group (A, B, C & D) of image sequences the Weber number increases from (1) to (3): (1) We = 14, (2)
We = 81 & (3) We = 147. In order to show the effect of D∗ under various conditions, different combinations of the
other two impact parameters (E & D∗) are chosen for each group: A, E = 2.05 MPa, D∗ = 7.12; B, E = 0.08 MPa,
D∗ = 7.12; C, E = 0.23 MPa, D∗ = 2.91; D, E = 0.23 MPa, D∗ = 12.0. The first row in each case represents the
recorded images and the second row shows the processed images.
the rim of the spreading lamella in (3) for all groups. In
case C(3), the flow instabilities cause symmetry breaking
during the retraction. As a result the drop partially slide
off the top of the hemisphere.
B. Maximum spreading & minimum retracting
After impact the drop spreads radially from the top of
the hemisphere to form a cap, and the base angle attains
its maximum value at the end of the spreading stage.
The maximum spreading angle (αmax) for different im-
pact parameters is measured through digital image pro-
cessing. If the same liquid lamella (i.e. the same sur-
face energy) is deposited on hemispheres with different
diameters, obviously the hemisphere with the lowest di-
ameter will give the largest spreading angle. Thus the
maximum spreading angle is very dependent of D∗ and
it is more reasonable to plot the normalised maximum
length of the wetted arc (denoted by
>
CLCR in Figure 4):
Lmax = (αmax/180○) ⋅ pi ⋅ (Dsub/2), which is proportional
to the surface energy of the liquid cap, as a function
of the Weber number for different impact parameters as
shown in Figure 11. Data with the same diameter ra-
tio are marked using the same colour (red: D∗ = 2.91,
green: D∗ = 7.12 & blue: D∗ = 12.0). Good consis-
tency is exhibited by the experimental data in the consid-
ered Weber number range, where follow a scaling law49
(Lmax/D0 ∼ We0.33) indicated by the solid line, which im-
plies that the spreading behaviours are still dominated by
the Weber number (i.e. the effect of elastic modulus and
diameter ratio is negligible).
After maximum spreading, the drop recoils to the top
of the hemisphere and starts to oscillate. The minimum
base angle reached at the end of the initial retraction
phase is referred to as the ’minimum retracting angle’
(αmin). The normalised minimum length of the wetted
arc (defined the same way as Lmax but with αmin) as
a function of impact Weber number for different impact
parameters is plotted in Figure 12. Unlike the spreading
behaviour, the retracting behaviour is strongly affected
by the magnitude of the elastic modulus of the substrate.
Sample title 9
1 0 1 0 0 2 0 01
2
3
4
 D *  =  2 . 9 1 ,   E  =  2 . 0 5  M P a   D *  =  2 . 9 1 ,   E  =  0 . 2 3  M P a   D *  =  2 . 9 1 ,   E  =  0 . 0 8  M P a   D *  =  7 . 1 2 ,   E  =  2 . 0 5  M P a D *  =  7 . 1 2 ,   E  =  0 . 2 3  M P a D *  =  7 . 1 2 ,   E  =  0 . 0 8  M P a D *  =  1 2 . 0 ,   E  =  2 . 0 5  M P a D *  =  1 2 . 0 ,   E  =  0 . 2 3  M P a D *  =  1 2 . 0 ,   E  =  0 . 0 8  M P a
 ∼W e 0 . 3 3
L ma
x/D 0
 [-]
W e  [ - ]
FIG. 11: Maximum length of the wetted arc
(normalized by equilibrium drop diameter) as a
function of impact Weber number for cases of different
diameter ratios and elastic moduli.
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FIG. 12: Minimum length of the wetted arc
(normalized by equilibrium drop diameter) as a
function of impact Weber number for cases of different
diameter ratios and elastic moduli.
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FIG. 13: Retraction coefficient as a function of impact
Weber number for cases of different diameter ratios and
elastic moduli.
Especially in the case of the lowest diameter ratio (red
symbols), the minimum length of the wetted arc for sub-
strates with high/intermediate stiffness (E=2.05 MPa or
E=0.23 MPa) remains around 1 regardless of the increase
of Weber number. The data for Weber number ∼147 are
unavailable since the flow instabilities at high impact ve-
locity lead to symmetry break during the retraction of
the drop, and the drop partially or completely slide off
the top of the hemispherical substrate (see case C (3) in
Figure 10 for example). However the minimum length of
the wetted arc for the case of most soft substrate (E=0.08
MPa) increases significantly as the Weber number grows
and is only slightly smaller than the maximum one (com-
pare the red square data between Figure 11 and Figure
12), which means the periphery of the drop almost stays
pinned after maximum spreading. In case of higher diam-
eter ratios (D∗ = 7.12 & D∗ = 12.0), although the data for
any substrate stiffness seem to rise with the increase of
Weber number, the minimum length of the wetted arc for
the highest stiffness substrate (E=2.03 MPa) is system-
atically lower compared to the other two cases of softer
substrates. In order to better characterize the retraction
behaviour, a quantity which is referred as the retraction
coefficient is defined:
β = (αmax − αmin)/αmax. (3)
It expresses the relative decrease in the maximum spread-
ing angle due to retraction with respect to the magnitude
of maximum spreading angle. Figure 13 shows the retrac-
tion coefficient as a function of impact Weber number
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for different impact parameters. In the cases of highest-
stiffness substrates (symbols: #,3,+), the retraction is
more pronounced as the Weber number increases for all
diameter ratios, which is reasonable since larger impact
velocity will result in higher retraction velocity of the liq-
uid lamella. Surprisingly the data for the smallest diam-
eter ratio (#) are systematically higher than those with
larger diameter ratios (3,+). Here this effect is called the
’de-wetting effect’ due to the curvature of the surface,
which indicates that impacting drops experience a more
significant retraction phase on a substrate with higher
curvature. In the case of substrates with intermediate
stiffness (△,◁,×), the de-wetting effect is still applica-
ble though some data of highest diameter ratio (×) is
comparable or even higher than those with a higher cur-
vature (◁). However the de-wetting effect completely
fails in cases of substrates with lowest stiffness (◻,▷,☆).
The substrate with highest diameter ratio (☆) yields most
pronounced retraction. The retraction coefficient of im-
pacting drops on substrate with lowest diameter ratio (◻)
even decreases with the increase of Weber number, also
the values of β are below 0.1 when the Weber number is
higher than 50, which means the peripheries of spreading
drops almost remain stationary after maximum spread-
ing. Thus the effect of diameter ratio on the retraction
behaviours in case of the most soft substrate is totally
different from the other two cases with a higher-stiffness
substrate.
C. Dynamic contact angle
1. Effect of elastic modulus on dynamic contact angle
The dynamic contact angle as a function of time show-
ing the effect of elastic modulus is displayed in Figure
14 (corresponding to the cases of morphology shown in
Figure 8). All the experimental data of dynamic con-
tact angle in this study is measured from the left contact
point. The length of the wetted arc is also shown as
open symbols in order to provide a clear reference of the
impact phases (i.e. spreading, retracting & oscillating).
As shown in Figure 14, the dynamic contact angle dur-
ing spreading and the early stages of retraction is almost
consistent for all cases. However, as retraction progresses
the softness of the substrate is observed to dampen the
dynamic contact angle oscillations (see blue triangle data
in [A] & [D] and green circle data in [D]). This is due
to contact line pinning after maximum spreading (see the
corresponding open symbols for length of the wetted arc).
The oscillation amplitude of the dynamic contact angle
is considerably reduced for a softer substrate since the
contact line is fixed. Nevertheless the effect of the sub-
strate stiffness on the dynamic contact angle is much less
significant in cases of smaller curvature ([B]) and lower
impact Weber number ([C]).
2. Effect of diameter ratio on dynamic contact angle
The effect of diameter ratio on the temporal evolution
of the dynamic contact angle is shown in Figure 15 (corre-
sponding to the cases of morphology shown in Figure 9).
Similar to the effect of substrate stiffness on the dynamic
contact angle, the surface curvature does not play an im-
portant role during the spreading and early retracting
stages. However the increase in the curvature of the sur-
face (i.e. the decrease in the diameter ratio) is observed
to enlarge the oscillation amplitude of the dynamic con-
tact angle after the retraction of the drop (see red square
data in [A] & [D]); this is associated with a larger and
faster retraction of the contact line (de-wetting). The
differences in the de-wetting behavior can be explained
in terms of the surface deformation upon impact, which
absorbs part of the impact kinetic energy. In the follow-
ing section (IV A), this mechanism will be discussed in
details. Nevertheless the dynamic contact angle is much
less affected by the diameter ratio when the stiffness of
the substrate is very low ([B], where the pinned effect
dominates) or the Weber number is small ([C]).
3. Effect of Weber number on dynamic contact angle
The dynamic contact angle as a function of impact
time for different Weber numbers is shown in Figure 16
(corresponding to the cases of morphology shown in Fig-
ure 10). The increase in the impact Weber number is
observed to systematically reduce the dynamic contact
angle in all cases. In addition, the oscillation of the dy-
namic contact angle after drop retraction is significantly
inhibited when the Weber number increases to 147 (see
filled blue triangle data in Figure16). However if the
Weber number is sufficiently low (see red square data
in Figure16), a pronounced oscillation phase with large
oscillation amplitude of the dynamic contact angle is ob-
served regardless of the diameter ratio or the elastic mod-
ulus of the substrate.
IV. DISCUSSION
A. Energy dissipation due to substrate deformation
In this section, the influence of the diameter ratio and
of the elastic modulus on the spreading behavior is inter-
preted in the light of the substrate deformation energy.
Firstly, a simple scenario, schematically shown in Figure
17 (A) is considered, where a drop impacts on a flat elas-
tic surface and reaches the maximum spreading diameter.
The surface is deformed (as indicated by the dashed line)
due to the pressure exerted by the impacting drop. Since
an element of surface which is closer to the impact cen-
ter experiences a longer contact time during impact, the
magnitude of deformation, δy(r) reaches its maximum
(δymax) at the center of impact, and decreases radially
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FIG. 14: Dynamic contact angle as a function of impact time showing the effect of elastic modulus. The impact
parameters in each subfigure (A, B, C & D) correspond to the image sequence group (A, B, C & D) in Figure 8.
Filled symbols represent the data of dynamic contact angle while the length of wetted arc is denoted by open
symbols.
with the distance from the center, r, up to a value of
zero at maximum spreading radius, rmax. To simplify
the quantitative estimate of the elastic energy stored by
the substrate, the contour of the deformed surface is ap-
proximated by a parabola:
δy(r) = δymax[1 − ( r
rmax
)2]. (4)
Let Pave represent the average pressure subjected by the
surface with respect to spreading time; then, the normal
force on an infinitely small annular surface area can be
written as:
dF = Pave ⋅ 2pirdr, (5)
and the corresponding differential expression of deforma-
tion energy is given by:
dWdef = dF ⋅ δy = 2piPaveδymax[1 − ( r
rmax
)2]rdr. (6)
Thus the total deformation energy during impact can be
obtained by the integral of Equation 6 with respect to r:
Wdef = ∫ rmax
0
dWdef
= 2piPaveδymax ∫ rmax
0
[1 − ( r
rmax
)2]rdr
= 1
2
piPaveδymaxr
2
max (= 18piPaveδymaxL2max).
(7)
Secondly, this simplified model is extended to the case
of a spherical elastic surface (Figure 17 (B)). If the im-
pact kinetic energy is the same, i.e. the impacting drops
have the same Weber number, one can expect the ver-
tical pressure (Pave) on the impact surface to be almost
identical for two cases. However, in the case of a spher-
ical surface, only the normal component of Pave to the
target surface is responsible for its deformation, while
the tangential component contributes to spreading. As a
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FIG. 15: Dynamic contact angle as a function of time for different diameter ratios. The impact parameters in each
subfigure (A, B, C & D) correspond to the image sequence group (A, B, C & D) in Figure 9.
result, the differential expression of normal force on the
substrate surface shown by Equation 5 can be modified
for the case of a spherical surface as:
dF ∗ = Pave cosω ⋅ 2piR2sub sinωdω= piPaveR2sub sin 2ωdω, (8)
where ω is the polar coordinate measured form the center
of the spherical substrate, and Rsub denotes the radius
of the substrate. Similar to Equation 4, a parabolic de-
formed contour is assumed to radially distribute on the
target surface:
δy∗(ω) = δymax[1 − ( ω
ωmax
)2], (ωmax = Lmax
2Rsub
). (9)
By integrating the product of Equation 8 and Equation
9 with respect to ω, the total deformation energy for the
case of a spherical surface can be expressed as:
W ∗def = ∫ ωmax
0
dW ∗def
= ∫ ωmax
0
dF ∗δy∗(ω)= piPaveR2subδymax× ∫ ωmax
0
[1 − ( ω
ωmax
)2] sin 2ωdω
= piPaveR2subδymax
× (1
2
+ sin2 ωmax − ωmax sin 2ωmax
2ω2max
)
(10)
Substituting Rsub = D∗D0/2 and ωmax = Lmax/2Rsub =
Lmax/(D∗D0) into Equation 10, the deformation energy
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FIG. 16: Dynamic contact angle as a function of time for different Weber numbers. The impact parameters in each
subfigure (A, B, C & D) correspond to the image sequence group (A, B, C & D) in Figure 10.
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FIG. 17: Schematic of energy dissipation mechanism due to substrate deformation: (A) drop impact on flat elastic
substrate; (B) drop impact on spherical elastic substrate.
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as a function of D∗ is obtained:
W ∗def = piPaveδymax(D∗D0)48L2max× [ Lmax
D∗D0 ( LmaxD∗D0 − sin 2LmaxD∗D0 ) + sin2 LmaxD∗D0 ].
(11)
Let Lmax = Lmax/D0 denote the normalized maximum
length of the wetted arc, then Equation 11 can be sim-
plified as:
W ∗def = piPaveδymaxD20(D∗)4
8L
2
max× [Lmax
D∗ (LmaxD∗ − sin 2LmaxD∗ ) + sin2 LmaxD∗ ]= piPaveδymaxD20
8
⋅Φ(D∗, Lmax)
(12)
where
Φ(D∗, Lmax) =(D∗)4
L
2
max
[Lmax
D∗ (LmaxD∗ − sin 2LmaxD∗ ) + sin2 LmaxD∗ ]. (13)
According to the impulse-momentum theorem, the mo-
mentum change (m∆uy) of the drop in the vertical di-
rection during impact is equal to the average force (F )
applied on the drop times its duration (∆t):
F∆t = Pavepi(Rsub sinωmax)2∆t
= piPave(D0D∗ sin LmaxD∗ )2
4
∆t =m∆uy, (14)
where ∆uy = ui − 0 = ui because the vertical velocity of
the drop decreases from the impact velocity (ui) to zero
during impact, and the impact duration can be approxi-
mated by the characteristic time:
∆t ≈ D0
ui
. (15)
Thus the average pressure can be estimated as:
Pave ≈ 4mu2i
piD30(D∗ sin LmaxD∗ )2 (16)
In order to estimate the magnitude of δymax, the clas-
sical solution for elastic contact mechanics between two
spheres is adopted to correlate the force and the maxi-
mum deformation50:
F = 4
3
⋅ E
1 − ν2 ⋅R 12effδy 32max ≈ 43 ⋅ER 12effδy 32max, (17)
where ν is the Poisson’s ratio, F (Equation 14) is the
applied force, and Reff represents the effective radius:
Reff = R1R2
R1 +R2 = D∗D02(1 +D∗) , (18)
in which R1 and R2 denote the radii of the two spheres.
Thus, from Equations 17 & 18 δymax is estimated as:
δymax = ui
2D0D∗ sin LmaxD∗
3
√
9(1 +D∗)m2ui
D∗E2 (19)
Combing Equations 12, 16 & 19, the deformation energy
for the case of a spherical substrate can be rewritten as:
W ∗def = 3√9m 53u 103i
4(D0D∗ sin LmaxD∗ )2E 23 3
√
1 +D∗
D∗ ⋅Φ(D∗, Lmax)
(20)
Substituting the drop mass, m = (1/6)piρD30 into Equa-
tion 20, W ∗def can be rewritten as:
W ∗def = 13( 12) 113 (piσWe) 53D 430(D∗ sin Lmax
D∗ )2E 23 3
√
1 +D∗
D∗ ⋅Φ(D∗, Lmax),
(21)
where We = ρu2iD0/σ is the Weber number.
B. Considerations on the energy balance
A simple energy balance approach51–53 can be used to
estimate the maximum length of the wetted arc reached
by a water droplet impacting on an elastic spherical sub-
strate. Whilst energy (or momentum) conservation ap-
proaches are very popular due to their simplicity, it must
be kept in mind their accuracy relies heavily on empiri-
cal coefficients. In particular, it is well-known that if the
fluid viscosity is not close to that of water, all drop im-
pact models based on energy conservation fail to predict
experimental results with an acceptable error6; it was
also shown that if the model coefficients are judiciously
adjusted the scaling Dmax/D0 ∼ We1/2 can fit experi-
mental data in a very large range of the variables54. In
other words, if one locks the Weber number exponent and
shifts all the empirical input on the other coefficients, it
is still possible to obtain very good agreement with ex-
periments, but this does not mean the scaling is true.
Equating the kinetic energy (E
(b)
k ) and surface energy
(E
(b)
s ) of a spherical drop before impact to the sum of
the kinetic energy (which is assumed to be zero), surface
energy (E
(m)
s ), viscous dissipation energy (Wvis) and en-
ergy dissipation due to substrate deformation (W ∗def) at
maximum spreading, the energy balance yields:
E
(b)
k +E(b)s = E(m)s +Wvis +W ∗def. (22)
The kinetic energy before impact is simply written as:
E
(b)
k = 12mu2i = 112piρD30u2i = 112piσD20We, (23)
and the surface energy of a spherical drop is:
E(b)s = piD20σ. (24)
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The drop shape at maximum spreading is assumed to
be a spherical cap with a bottom surface area of Ab =
2piR2sub(1 − cosωmax), a thickness of Tc = (1/6piD30)/Ab,
and a rim area of Ar = 2piRsub sinωmax ⋅ Tc. The surface
energy at maximum spreading is the sum of surface en-
ergy at the liquid-gas interface E
(m)
s,LG, and the surface en-
ergy at the liquid-solid interface E
(m)
s,LS, minus the surface
energy at the solid-gas interface E
(m)
s,SG, which is gradually
lost during the impact process:
E(m)s = E(m)s,LG +E(m)s,LS −E(m)s,SG= (Ab +Ar)σLG +AbσLS −AbσSG, (25)
where σLG is the liquid-gas surface tension, σLS is the
liquid-solid surface tension, and σSG is the solid-gas sur-
face tension. According to Young’s Equation, the differ-
ence between σSG and σLS can be correlated to σLG by
the static contact angle θ0:
σSG − σLS = σLG cos θ0. (26)
Combining Equations 25 and 26, E
(m)
s is written as:
E(m)s =[Ab(1 − cos θ0) +Ar]σLG
=pi(D∗D0)2
2
(1 − cos Lmax
D∗ )(1 − cos θ0)σ
+ piD20 sin LmaxD∗
3D∗(1 − cos Lmax
D∗ )σ,
(27)
Using the boundary layer thickness (determined from the
analytical solution of an axisymmetric stagnation point
flow) as the length scale associated with the viscous dis-
sipation term, Pasandideh-Fard et al. derived an expres-
sion of the energy lost due to viscous dissipation:
Wvis = pi
3
ρu2iD0L
2
max
1√
Re
= pi
3
σ(LmaxD0)2WeRe− 12 ,
(28)
Although Equation 28 was obtained for the case of a flat
surface, here it is adopted to estimate the viscous energy
dissipation for spherical surfaces as an approximation (in
particular, the error decreases as the diameter ratio D∗
increases).
Substituting E
(b)
k , E
(b)
s , E
(m)
s , Wvis and W
∗
def, given
by Equations 23, 24, 27, 28 and 21, respectively, into the
energy balance equation (Equation 22), a correlation be-
tween the Weber number (We) and normalised maximum
length of the wetted arc (Lmax) can be established. Given
a certain value of the Weber number, Lmax can be ob-
tained by Equation 22 since all the other parameters are
known. The normalised maximum length of the wetted
arc is plotted in Figure 18 (dash-dot line) as a function of
We for a parameter set of E = 0.08 MPa &D∗ = 12.0 (i.e.,
the case where the energy dissipation due to deformation
is the highest). The results are compared with different
predictions using the same model, and considering: (i) no
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FIG. 18: The normalised maximum length of the
wetted arc as a function of Weber number for a
parameter set of E = 0.08 MPa & D∗ = 12.0. Lines of
different types represent the model predictions with
different energy dissipations: no energy dissipation
(solid line); only the dissipation due to deformation
(dashed line); only viscous dissipation (dotted line);
energy dissipations due to both viscous forces and
deformation (dash-dot line). Blue star and line indicate
the experimental data and fitting, respectively.
energy dissipation (solid line); (ii) only the energy dissi-
pation due to substrate deformation (dashed line); (iii)
only the viscous energy dissipation (dotted line). The ex-
perimental data for the same parameter set and the best
fit line (from Figure 11) are also shown for comparison.
As shown in Figure 18, taking into account the energy
dissipation due to deformation without viscous energy
dissipation decreases the predicted values only slightly,
while the prediction is closer to experimental data if the
viscous dissipation is taken into account, because the vis-
cous energy dissipation in the fluid is much larger than
the dissipation due to surface deformation. The model
predictions of Lmax for all the cases reported in Figure 11
are plotted and compared with the corresponding exper-
imental results in Figure 19. The model results confirm
the effects of elastic modulus and diameter ratio on the
spreading behaviours are modest and do not change the
scaling of the maximum spreading length with respect
to the Weber number. However, the proposed energy
conservation approach is not able to predict the scaling
Lmax/D0 ∼We0.33 observed experimentally.
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FIG. 19: The normalised maximum length of the
wetted arc as a function of impact Weber number for
cases of different diameter ratios and elastic moduli.
Lines of different types and colors represent the model
predictions, and symbols denote the experimental data.
V. CONCLUSIONS
The impact of water drops on convex, hemispherical,
elastic surfaces was investigated experimentally by means
of high-speed imaging. Convex hemispherical elastic sub-
strates characterized by different diameters and different
elastic moduli were produced using a polydimethylsilox-
ane (PDMS) silicone elastomer. The impact morphology
was characterized through several quantities, including
the maximum and the minimum spreading angles, the
length of the wetted curve and the dynamic contact an-
gle. In particular, the dynamic contact angle was mea-
sured utilizing a novel digital image processing scheme
based on a goniometric mask.
The morphology of the impacting drop was studied un-
der different impact parameters. In particular, the effect
of three independent impact parameters (elastic modu-
lus, diameter ratio and Weber number) on the dynamic
contact angle has been systematically investigated. The
decrease in the elastic modulus of the substrate and the
increase in the diameter ratio are observed to inhibit the
oscillation of the dynamic contact angle after impact at
sufficiently high Weber number, where both the defor-
mation energy and the viscous dissipation become signif-
icant. However the effect of elastic modulus (or diameter
ratio) is much less significant if the diameter ratio is very
high (or the elastic modulus is very low). The increase in
the impact Weber number is observed to systematically
reduce the dynamic contact angle in all combinations of
impact parameters.
Results show that the effect of diameter ratio and elas-
tic modulus on spreading behaviours of the drops is lim-
ited. The retraction of the drop impacting on the sub-
strate with lowest stiffness is significantly inhibited be-
cause of contact line pinning. Drops impacting on a sur-
face with higher curvature (i.e. lower diameter ratio)
are observed to experience a more pronounced retrac-
tion phase compared to the case of a small curvature. A
simple energy conservation approach accounting for the
energy dissipation due to substrate deformation can ex-
pain some of the experimental observations, however is
not able to predict the scaling of the maximum spreading
length without further empirical adjustments.
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